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Introduction  

 Glioblastoma Multiforme: General Features and Current Treatments 

Glioblastoma multiforme (GBM) (WHO grade IV) is the most prevalent and the most devastating 

type of primary brain tumor. It mainly affects adults and is composed of a heterogeneous mixture 

of poorly differentiated neoplastic astrocytes. On the histo-pathological level, main hallmarks of 

GBM are pseudopalisading necrotic areas in the core of the tumor surrounded by the rim of 

abundant microvascular proliferation (Figure 1).  

 

                  

 

Figure 1. Main hallmarks of GBM (a) Schematic illustration of the GBM growth pattern: tumor cells in blue, blood 
vessels in red,  neurons in green; Perineuronal satellitosis (b); Migratory, infiltrative tumor cells (c); Accumulation of 
tumor cells in the perivascular area (d); Necrotic core (dark grey area) is surrounded by pseudopalisading tumor cells 
and florid/glomeruloid neovascularisation. (b) Main histological features: asterisk indicates subpial growth, arrowhead 
perivascular accumulation of tumor cells and arrow perineuronal satellitosis. (c) Increased cellularity of corpus 
callosum due to diffuse infiltration of tumor cells in the myelinated tracts. (d) asterisk indicates necrotic area, arrow 
peri-necrotic pseudopalisading tumor cells and  arrowheads glomeruloid microvascular proliferation; (b, d: H&E 
staining; c: combined Luxol Fast Blue and H&E staining); Claes et al. Acta Neuropathol. 2007 

 

For the patients diagnosed with GBM, there are hardly any biomarkers of favorable prognosis and 

no treatments that can significantly influence the outcome of disease. Patients have median 

survival of less then a year, despite multimodality treatment consisting of surgical resection 

followed by concurrent (or sequential) radiotherapy and temozolomide (TMZ) chemotherapy (1). 

GBM cells are highly invasive and infiltrate into the surrounding healthy brain tissue along the 

blood vessels and white matter (2). This creates a big challenge for the treatment of the disease. 

Only the nodular component of the tumor can be controlled surgically. The infiltrative part, 

however, undergoes non-specific, cytotoxic irradiation and chemotherapy which are able to 

restrain tumor progression only for a limited period of time. Nevertheless, these tumors will 

eventually almost certainly recur.  

Surgery is the first line treatment for GBM, with the aim to remove as much of the tumor tissue as 

possible. Recent improvements of imaging techniques such as MRI-guided neuro-navigation, 

intra-operative MRI, functional MRI and fluorescence-guided surgery further advanced the 
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surgical procedure. Ionizing radiation following surgery is the most effective treatment for this 

disease (3, 4). Standard irradiation schedule for GBM is 30 fractions of 2Gy during 6 weeks (1, 5). 

Furthermore, TMZ is currently used as standard adjuvant chemotherapy for GBM. Concurrent 

radiotherapy and TMZ treatment, followed by 6 months of TMZ monotherapy, extended median 

overall survival of GBM patients for three months as compared to surgery and radiotherapy alone 

(1). However, TMZ treatment was effective only in a selected group of patients. The potential 

explanation of this outcome might reside in a different methylation status of the MGMT promoter. 

The absence of this enzyme due to gene silencing has been reported to underlie the sensitivity of 

GBM to TMZ treatment, making it a promising prognostic factor (6). Furthermore, in an attempt 

to improve the treatment of GBM patients, novel therapeutics are being developed. As GBMs are 

characterized by massive neovascularization, with vascular endothelial growth factor (VEGF) as 

the main mediator of the process, newly formed tumor blood vessels have become the target of 

new drugs. Avastin (bevacizumab) is an anti-VEGF neutralizing antibody, already in a large, 

randomize phase III trial for GBM (7). Initial results suggest normalization of tumor vasculature and 

subsequent increase of chemotherapy efficiency (8). However, long-term effects of this treatment 

are still elusive and recent reports even suggested an increase in metastatic incidence upon this 

treatment (9). Thus, further information on bevacizumab treatment is yet to be obtained. 

 

Primary and Secondary GBM 

Two types of grade IV gliomas can be distinguished, so-called primary and secondary GBM (10). 

GBMs usually manifest as de novo malignancies, without any previous history of the disease. 

Accordingly, they are termed primary GBM.  These tumors mainly occur in elderly patients (mean 

age 62 years) and are characterized by the rapid progression of the disease. On the other hand, 

secondary GBMs gradually develop from low-grade lesions. Patients with secondary GBM show 

higher overall survival and tend to be younger at presentation (mean age 45). These two subtypes 

of GBM are considered to constitute distinct disease entities as they evolve through different 

genetic pathways and as a consequence slightly differ in prognosis and response to treatments. 

Primary GBM, the prevailing type, typically bears EGFR and PTEN mutations and p16 deletions. 

Secondary GBM, on the other hand, mainly presents TP53 mutation as the earliest detectable 

alteration. However, the main morphological and biological hallmarks of GBM, namely abundant 

neovascularisation, necrosis and infiltration of tumor cells, can be detected in both subtypes.  

Different Subtypes of GBM 

Based on the different gene expression profiles and signalling-pathway alterations that underlie 

GBM pathogenesis, four GBM subtypes have recently been identified (11). The Classical type is 

mainly characterized by EGFR amplification which seems to be mutually exclusive with TP53 

mutation. Neural stem cell markers such as NES, Notch (NOTCH3, JAG1 and LFNG) and Sonic 
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hedgehog (SMO, GAS1 and GLI2) genes were also highly expressed in the Classical subtype. The 

Mesenchymal subclass predominantly carries co-mutations of NF1 and PTEN, both intersecting 

with the AKT pathway. This group is characterized by higher overall fraction of necrosis and 

prominent inflammatory infiltration as compared to other types. The Proneural subclass has high 

occurrence of alterations in PDGFRA and IDH1 genes encoding for platelet-derived growth factor 

receptor and isocitrate dehydrogenase-1 respectively. TP53 mutations and loss of heterozygosity 

were also frequent events in this subtype which is further characterized by expression of neural 

developmental genes (SOX2, ASCL1, TCF4). Secondary GBMs were primarily found in the Proneural 

class. The Neural subtype displays high expression of neural markers (NEFL, GABRA1, SYT1, and 

SLC12A5). These are more differentiated tumors compared to the others types, with the 

expression pattern similar to healthy brain tissue. Proneural and Neural classes show the tendency 

toward better prognosis and longer overall survival, as compared to Mesenchymal and Classic 

subtypes. In terms of therapy response, aggressive treatments did not alter survival in the 

Proneural subclass, however they did significantly reduced mortality in Classical and Mesenchymal 

subtypes, and efficacy was suggested in Neural type. GBM classification based on this kind of high-

throughput genomic and genetic analysis should establish the groundwork for better 

understanding of GBM pathogenesis. As a final goal, this kind of research should ultimately result 

in more effective, personalized therapeutic strategies for each, specific group of patients with 

GBM. 

Cancer Stem Cell Hypothesis  

One of the biggest challenges in managing GBMs is the nearly universal propensity of these 

tumors to contain cells that survive all applied therapies and subsequently form recurrent lesions 

resistant to further treatment. Recently a new explanation of tumor recurrence emerged, 

identifying cancer stem cells (CSCs) and their therapy resistance as the main cause of this event. 

CSC hypothesis postulates that malignancy can be viewed as an abnormal organ composed of 

heterogeneous population of cells with the CSC compartment on top of the hierarchy, 

orchestrating its structure. They were termed CSCs due to their similarities with normal stem cells, 

namely their ability to self renew and give rise to various, differentiated lineages (multilineage 

differentiation potential) (12). Most importantly, these cells are considered to be the only fraction 

of tumor cells with the tumorigenic capacity and the ability to propagate tumors upon serial 

xenotransplatation into immuno-compromised mice (12). Strickingly, a single CSC is sufficient to 

regenerate an entire parental malignancy (13). From the clinical point of view, the main difficulty 

with CSCs is their therapy resistance (14, 15). Namely, unlike differentiated tumor cells that 

comprise the majority of the tumor, the CSCs were proposed to be the therapy resistant fraction 

of tumor cells (Figure 2). This is a result of their highly efficient DNA-damage repair mechanisms, 

active cell-cycle check points and anti-apoptotic pathways, and numerous drug-transporters on 
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their membrane (14, 15). Thus, they are believed to be the main cause of tumor recurrence and are 

an emerging therapeutic target. Interestingly, in the previously mentioned genetic screen of 

GBMs, tumors with poor prognosis were primarily associated with neural stem cell and/or 

transient-amplifying cell markers. Vice versa proneural and neural subclasses that had better 

outcome, mainly expressed markers of developing or mature neurons, and thus were shifted 

towards more differentiated phenotype (11, 16) .  
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Figure 2.  CSC therapy resistance and CSC targeted therapy 

Recently, an additional layer of complexity has been added to CSC biology demonstrating that the 

CSC phenotype is not necessarily a uniform fraction of cells in terms of their genetic background 

and differentiation potential (17-19)(Chapter 3). It can be speculated that, as a tumor progresses, 

diverse selective pressures within different parts of tumor could result in a heterogeneous CSC 

pool with some clones being better adapted to survive, proliferate and invade compared to other 

clones, and potentially with different responses to treatments. Furthermore, it should be noted 

that in hierarchically organized tumors, CSCs are the driving force of tumor infiltration and 

invasiveness, due to their mobility and proliferative capacity (Chapter 4). The numerous clinical 

implications of these findings thus urge for defining factors that sustain CSCs, the most resistant 

and invasive clones in particular.  

One of the crucial factors responsible for maintaining CSCs is the tumor vasculature. It forms the 

CSC niche and is implicated in therapy resistance, strongly suggesting a role for the vasculature in 

supporting the dominant CSC clones (20). This cross-talk has been confirmed by numerous 

studies of the interaction of CSCs with tumor microvascular endothelial cells (tMVECs), obtained 



 - 14 - 

from in vitro as well as in vivo models, and further supported by genetic analysis (16, 20, 21) 

(Chapter 5). Accordingly, the study of different GBM subtypes demonstrated that more aggressive 

tumors are typified by the expression of both angiogenesis and neural stem cell genes. 

Furthermore upon recurrence these tumors tend to shift towards a mesenchymal GBM subtype 

that displays over-expression of these proteins, namely angiogenic and neural stem cell genes, 

implicating these genes to be the key drivers of tumor progression (16). Detailed overview of the 

current knowledge on the interaction of GBM CSCs and their microvascular niche and furthermore 

the consequences of this cross-talk for the treatment can be found in the review "CSC niche: the 

place to be", Chapter 2.  

In an attempt to define the cause of tumor resistance, current research is mainly focused on 

analyzing tumor cells themselves, while neglecting the role of tumor microenvironment in this 

process. Subsequently, there is a lack of knowledge on how therapy affects the GBM niche and 

their interaction with CSCs. Therefore, we studied the effects of chemotherapy and radiation 

treatments on tumor vasculature, being the pivotal component of the CSC niche, and furthermore 

the consequences of these therapies on the cross-talk between tumor and micovasculature 

(Chapter 6). Our results demonstrate that this communication remains largely preserved despite 

the treatments due to extensive resistance of tMVECs. Upon radiation treatment these cells 

undergo permanent cell cycle arrest called senescence and subsequently continue to support 

CSCs. Strikingly, the tumor cells themselves are capable of differentiating into cells that 

phenocopy tMVECs in terms of their radiation response as well as their role of a CSC niche. 

Moreover, tMVECs are not only sustaining the CSCs but in addition are able to revert  the more 

differentiated GBM cells back into the CSC phenotype, further repopulating this fraction of cells 

(Chapter 7). In conclusion, these results create an extremely complex scenario of the CSC-tMVECs 

interaction and predict a lot of challenges for the development of novel treatments to fight this 

disease.  

Anti-Cancer Treatments and DNA-Damage 

Even though numerous DNA-damaging anti-cancer therapies efficiently target tumors via 

different approaches, the fundamental changes in chromatin upon these treatments are still 

elusive. DNA is tightly packed within the nucleus in a highly organized yet dynamic fashion. DNA 

organization, while providing protection from various damaging factors,  is still flexible enough to 

allow vital processes such as replication and transcription to occur. These contradictory 

requirements are enabled by the highly complex machinery that maintains DNA organization. The 

nucleosome is the basic unit of chromatin organization, composed of the DNA wrapped around a 

histone octamer (a pair of histones H2A, H2B, H3 and H4 per octamer), and connected by the 

linker-histone H1. The array of nucleosomes forms the so-called ‘beads on the string” filament 

that folds into 30nm fiber and further coils into poorly understood higher order chromatin 
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structures (22). Even though DNA is a highly protected molecule, as its maintenance is an 

imperative for the cell, DNA double strand breaks (DSBs) still occur frequently in the genome 

either during replication or induced by various DNA-damaging agents. The cell deals with this 

situation by engaging complex mechanisms involved in cell cycle arrest, DNA repair and 

programmed cell death.  

DSB, the most hazardous type of  DNA damage, is initially being recognized by the Mre11-Rad50-

NBS1 (MRN) complex, the DNA-dependant protein kinase (DNA-PK) and ataxia telangiectasia-

mutated (ATM) protein (23-25). Activated ATM further phosphorylates histone H2AX that binds 

early-response proteins such as MDC1 and 53BP1 (26-28). Accumulation of these proteins on DSB 

occurs within minutes after the damage induction and signals to downstream targets, leading to 

checkpoint activation or apoptosis, mainly via Chk2 and p53 (29-32). Once a cell is arrested, the 

DSB repair machinery intervenes. Two distinct DSB repair pathways have been described: 

homologuous recombination (HR) and non-homologuous end joining (NHEJ) (Figure 3) (33). In 

HR, the undamaged sister chromatid serves as a repair template rendering this process essentially  

error-free but active only during S and G2 phase of the cell cycle. HR starts with the replication 

protein A which binds to single-stranded DNA (ssDNA) ends and protects them from degradation. 

It is then replaced by BRCA2 and RAD51 recombinase that mediate binding of the ssDNA to 

homologous sequence. This is followed by RAD51 disassembly and chromatin remodeling 

promoted by RAD54. In the final steps of HR, the missing DNA is synthesized by DNA polymerases, 

mainly Pol � and Pol �. NHEJ, on the other hand, operates irrespective of the cell cycle, directly re-

ligating broken DNA ends without verification of homology and it is therefore regarded as error-

prone, potentially able to link the DNA ends originating from different DSBs. The repair process 

starts with the KU70/80 heterodimer that accumulates at the damaged site and keeps the broken 

DNA ends in close proximity during repair. Binding of this protein to DNA attracts DNA-PKcs, 

associated with the juxtaposition of DNA ends, and facilitation of access of other proteins required 

for the repair. In the final steps of NHEJ, DNA ends are ligated by the DNA ligase IV/XRCC4 

complex.  

Although DSBs, induced upon anti-cancer treatments, are efficient in killing tumor cells and 

mainly succeed in doing so, they also can as a side-product create chromosomal rearrangements 

(CRs). This occurs in surviving tumor cells as well as in their surrounding healthy tissue that 

inevitably gets exposed to treatment. As a consequence of errors produced by the repair 

machinery, wrong DNA ends can be rejoined creating heritable mutations. These events may 

eventually lead to new, therapy-induced tumors (34, 35). Etoposide is one example of a frequently 

used anti-cancer drug known to promote the formation of CRs that can lead to specific types of 
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Figure 3. Schematic representation of two major DSB repair pathways: homologous recombination and non-
homologous end joining 

 

leukemia (36). In order to preserve the integrity of DNA in normal cells during anti-tumor 

therapies, it is essential to understand the fundamental chromatin changes and its behavior upon 

DNA damage induction. However, the exact mechanisms that control CR formation are still a 

subject of ongoing debate. Two hypotheses have been put forward trying to explain this process: 

the ‘contact-first’ theory postulates that the interactions between two ssDNA ends can only take 

place if the ends are colocalizing at the time of the DNA damage induction (37). The ‘breakage-

first’ model, on the other hand, proposes that breaks formed at distant locations within the 

nucleus can come together to form a translocation (38). The main difference between these two 

models is, thus, their prediction regarding the dynamic behavior of chromatin and the extent to 

which the DNA ends can roam within the nucleus. Whether it is a large-scale or limited, local 

motion is yet to be determined as there are many contradictions among the available data (38-

40).  

As movement of DSB-containing chromatin domains is one of the factors that surely could 

facilitate the interactions of broken DNA ends and promote the formation of CRs, we examined 

the mobility of damaged DNA in living cells. Indeed, DSBs induced by DNA-damaging agents such 
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as gamma-irradiation or etoposide show higher mobility compared to intact chromatin. 

Importantly, this movement can be manipulated and decreased upon treatment with different 

chromatin remodeling agents, creating the opportunity for reducing side-affects of hazardous 

anti-cancer treatments.  Detailed study of chromatin mobility can be viewed in Chapter 8. 
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